The Moon-based Synthetic Aperture Radar (SAR) offers an exceptionally wide spatial coverage and short revisit time for the Earth observation. However, the complex imaging geometry in Moonbased SAR-Earth's target motion, where both the Earth's rotation and lunar revolution exert, poses a great challenge in signal processing and image formation. The Earth's rotation, in particular, plays a dominant role in the aperture synthesis processing of the Moon-based SAR. However, the Earth's rotation, being irregular due to perturbations, induces coordinate drifts and leads to variations in the Moon-based SAR's Doppler parameters. As a result, the image formation of the Moon-based SAR is profoundly impacted by the Earth's irregular rotation. In this paper, we investigate Earth's irregular rotational effects on the imaging performance of the Moon-based SAR through a comprehensive analysis of the relative motion between a Moon-based SAR and Earth's target. Theoretical analyses and numerical simulations show that the effects of the Earth's irregular rotation affect the geometric fidelity and azimuth focusing of the Moon-based SAR; thus accentuating the necessity for special care of the Earth's irregular rotation in light of image focusing.
I. INTRODUCTION
There has been a renewed interest in the development of exploration missions to the moon in recent years [1] - [4] . Lunar exploration is related to a large number of scientific issues [5] - [7] , including the Earth observation from a Moonbased platform [8] , [9] . As an active sensor, the Synthetic Aperture Radar (SAR) system is unhindered by poor weather conditions and night, making it an effective instrument for detecting changes in the atmosphere, terrain, and sea [10] . A Moon-based SAR of the Earth has great potential of providing wide spatial coverage with a relative short revisit time, making it well-suited and unique for monitoring the dynamics of the Earth and for exploring large-scale and long-The associate editor coordinating the review of this manuscript and approving it for publication was Pia Addabbo . term geoscience problems [11] , [12] . Therefore, the Moonbased SAR enhances the capability of the Earth observation, and draws growing attention from the remote sensing community [11] - [18] .
Progress on exploring the Moon-based SAR has been made in the past decade. Renga conducted a preliminary analysis of the Moon-based SAR's concept for the Earth observation in [11] . Subsequently, the concept of the Moonbased Interferometric SAR (InSAR) was further elaborated by Renga and Moccia [12] . Later, the system performance and potential applications of the Moon-based SAR, as well as factors that influence the accuracy of interference mapping of the Moon-based InSAR were addressed in [13] . Fornaro et al. pointed out the technological parameters of the Moon-based SAR based on the equivalent sliding spotlight assumption [14] . Following this stream of theoretical developments, an L-band Moon-based SAR for monitoring large-scale geographical phenomena was detailed discussed in [15] . Recently, the imaging formation of the Moon-based SAR and some potential effects that may impact the imaging performance of the Moon-based SAR were detailed analyzed in [16] - [18] .
Presently, the literature addressing the Moon-based SAR is mainly focused on system performance, potential applications, and imaging formation. However, the issues concerning the imaging formation of the Moon-based SAR are so complicated that a more in-depth treatment of the imaging mechanism is still needed. The mechanism of the SAR imaging formation is based on the accurate estimation of the Doppler parameters, which depends on the relative motion between the radar antenna and target of interest [19] . For the Moonbased SAR, such a relative motion mainly relies on the Earth's rotation and lunar revolution. The rotational motion of the Earth, however, is irregular due to the perturbations, and thus exerts a remarkable impact on the relative motion between the radar antenna and ground target.
In the previous studies, the perturbations on the Earth's rotation were reasonably ignored for evaluating the main parameters of the Moon-based SAR system, and the Earth was assumed to rotate with a constant angular velocity [14] , [20] . However, the Earth's rotation is actually perturbed by many factors, e.g. precession, nutation, and polar motion [21] , [22] . As a result, the Earth's rotation becomes irregular, namely the rotation axis and angular velocity of the Earth's rotation are time-varying. This further leads to the temporal variation of the range history, and Doppler parameters of the Moon-based SAR are changed accordingly. Thereupon, a question arises as to whether the irregularity of the Earth's rotation impairs the imaging performance of the Moon-based SAR.
In this paper, we present in detail how the effects of Earth's irregular rotation impact the imaging performance of the Moon-based SAR. In so doing, the imaging geometry of the Moon-based SAR in the context of perturbations on the Earth's rotation is established through a series of coordinate transformations. Based on the imaging geometry, we derive the two-dimensional (2-D) spectrum of the Moon-based SAR's signal in considering the Earth's irregular rotation. Then, the image distortions in both range and azimuth directions due to the Earth's irregular rotation are investigated.
The remainder of this paper is organized as follows: Section II begins with a brief description of the geometric model of the Moon-based SAR in the context of the Earth's irregular rotation, yielding a range error with respect to the Earth's rotation in the absence of perturbations. In Section III, a signal model is developed for the Moon-based SAR imaging under the Earth's irregular rotation, followed by theoretical analyses about the image distortion due to effects of the Earth's irregular rotation. Then in Section IV, numerical simulations using a point target response are performed to validate the theoretical analyses and to accentuate the necessity for compensating for the error induced by the Earth's irregular rotation. Finally, we summarize conclusions and remarks.
II. RANGE ERROR DUE TO THE EARTH'S IRREGULAR ROTATION
SAR imaging relies on the geometry in relating the relative motion between the radar and observing target [23] . Generally, the imaging geometry of the Moon-based SAR is based on the accurate orientation of the radar antenna's position and ground target's position in a given time scale. The coordinate time scale used in this study is UT1. Under this time scale, it is instructive to briefly describe the five reference frames in which the imaging geometry involves, as shown in Fig.1 .
1) Antenna Coordinate System (ACS):
The origin of the ACS is the position of the Moon-based SAR's antenna, with the z-axis along the SAR's antenna vector towards the Earth's center, the y-axis along the angular momentum direction of antenna motion with respect to the Earth, and the x-axis obeys a right-hand rule.
2) Moon-Central Moon-Fixed Coordinate System (MCMF):
The origin of the MCMF is defined as the position of the Moon's center with the z-axis along the direction of the mean rotational pole of the Moon and the x-axis pointing to the Mean Earth direction. The y-axis obeys a right-hand rule.
3) Moon-Central Inertial Coordinate System (MCI):
The MCI is a right-handed inertial coordinate system where the x-axis extends from the lunar center to the true equinox of the date, and the z-axis towards the celestial North.
4) The Earth-Central Inertial Coordinate System (ECI):
The ECI is a right-handed reference frame, with the x-axis from the Earth's center to the true equinox of the date, and z-axis towards the celestial North.
5) The Earth-Central Rotational Coordinate System (ECR):
The ECR is the conventional geocentric terres-trial system, the x-axis points to the Greenwich Meridian, the z-axis points to the North Pole of the Earth, and the y-axis is perpendicular to the x-and z-axes. The coordinates of the Moon-based SAR in the ECI can be written as
where R MCMF antenna is the position of the radar antenna on the lunar surface in the MCMF, and D ECI EM is the coordinates of the Moon's center in the ECI, it can be obtained from the Jet Propulsion Laboratory development ephemeris 430 (JPL DE430), which by far offers the most accurate numerical ephemeris of the moon [24] . M MCMF MCI , the coordinate transformation matrix from the MCMF to the MCI, is defined as
where φ m , θ m , and ψ m are three Euler angles of the lunar libration, all of which are a function of time [25] . R x , R y , R z , rotation matrices about the x-, y-, and z-axes, can be written as [26] R
Since the Moon-based station site has yet to be selected [27] , the exact coordinate of the Moon-Based SAR is still open to debate. To proceed with this analysis, here we may simply ignore the size of the Moon and assume that the position of the Moon-based SAR is the same as that of the Moon.
The counterpart of the R ECI sar in the ECR can be obtained by the following transformation [28] :
where U ECI ECR is the transformation matrix from the ECI to the ECR, it is defined as
where matrices , , N , P represent, respectively, polar motion, the earth's rotation, nutation, and precession. The detailed expressions of those matrices and the corresponding coordinate transformations are given in Appendix A.
After the coordinate transformation, the position of the Moon-based SAR is mapped onto the ECR. As shown in Fig.2 , the Earth's irregular rotation alters the idealized range history in the absence of perturbations, which may further affect the phase coherence in the signal of the Moon-based SAR. For a more rigorous analysis, the range error given rise by the Earth's irregular rotation can be written as:
where η is the azimuth time. R ECR g is the position vector of the ground target in the ECR, which is fixed on the rotating Earth. The location of the ground target can be found in Appendix B. R ECR sar,η is the position vector of the Moon-based SAR in the context of Earth's irregular rotation in the ECR at the azimuth time η, which can be obtained from (4) .
R ECR sar0,η , the position of the Moon-based SAR with the Earth rotating in the absence of perturbation, takes the form of:
where GMST stands for the Greenwich Mean Sidereal Time, whose specifically expression is given in Appendix A.
For the purpose of examining the effects of Earth's irregular rotation, the range error may be expressed as a function of the azimuth time, up to fourth order
where r 0 is the constant part of the range error, which does not change with the azimuth time. r i , i = 1, . . . , 4 is the i th -order derivatives of the range error with respect to the azimuth time. Now, the phase error induced by the effects of Earth's irregular rotation can be expressed as [29] 
where f c is the carrier frequency and c is the velocity of the electromagnetic wave in free space. For a detailed analysis, we plot the range errors of the left-looking and right-looking Moon-based SAR with respect to the azimuth time in Fig.3 (a) and (b), respectively, using the simulation parameters given in Table 1 . Then the It can be observed from Fig.3 that the range error and the corresponding phase error are correlated with the look direction and look angle of the Moon-based SAR. Besides, the range error within a synthetic aperture time of 600 seconds can be up to thousands of meters. Hence, the corresponding phase error is on the order of 10 5 radians. Further, the range error (or the phase error) varies with the azimuth time, which would lead to variation in the Doppler parameters, thus some distortions may appear in the image of the Moon-based SAR due to the effects of the Earth's irregular rotation.
According to the SAR focusing theory, all orders of phase errors except the constant phase error could impact the azimuth focusing [29] . For more targeted analysis, the phase errors from 1 st order to 4 th order of the left-looking Moonbased SAR with various SAR look angles are calculated and presented in Fig. 4 , by using the same set of parameters as in Fig. 3 .
From Fig. 4 , we can see that a 4 th -order Taylor series range equation is capable of handling the phase error due to Earth's irregular rotation, as the magnitude of the 4 th -order phase error is smaller than 10 −3 radians. In addition, it can be observed that the 1 st -, 2 nd -, and 3 rd -order phase errors are considerable during a synthetic aperture time of 600 seconds. Thus, the imaging performance of the Moon-based SAR will be certainly affected by the Earth's irregular rotation, if not properly compensated.
At present, we have analyzed the range error and corresponding phase error due to Earth's irregular rotation. In the next section, the effects of Earth's irregular rotation on the imaging performance of the Moon-based SAR are theoretical examined based on the signal model in the context of Earth's irregular rotation.
III. ANALYSIS OF THE EFFECTS OF THE EARTH'S IRREGULAR ROTATION ON THE MOON-BASED SAR IMAGING A. SIGNAL MODEL OF THE MOON-BASED SAR IN THE CONTEXT OF EARTH'S IRREGULAR ROTATION
The 4 th -order Taylor series range equation is capable of dealing with the curved trajectory of the Moon-based SAR, which is most suitable for the signal processing of the Moon-based SAR [16] . Consequently, the slant range in the context of the Earth's irregular rotation can be expressed as,
where K 0 is the slant range of beam centerline with Earth's regular rotation. K i , i = 1, . . . , 4 are the first to fourth derivatives of the range history against the azimuth time when ignoring the perturbation effects on the Earth's rotation.
In order to facilitate ascertaining the effects of the Earth's irregular rotation, the slant range should be further expanded as
where P i = K i + r i , i = 0, . . . , 4 are the Taylor series coefficients of the slant range in the context of Earth's irregular rotation with respect to the azimuth time. Now that the received signal of the Moon-based SAR from the target can be written as [18] , [30] 
where w r (), w a () are the window functions in fast time and slow time domains, respectively; K r is the chirp rate. It is possible to derive the 2-dimensional spectrum by virtue of the principle of stationary phase (POSP) [31] and the method of series reversion (MSR) [32] :
with the phase spectrum taking the form of
where r (f τ ) is related to the range compression with an expression of
a (f η ) is in connection with the azimuth compression, and is written as
is correlated to range cell migration term, which takes the form of src (f τ , f η ) accounts for the range cell migration and secondary range compression, it is explicitly expressed by
res is the residual phase term given by
The detailed derivation of (13) and (14) can be found in [16] . Under the effects of Earth's irregular rotation, the range imaging is mainly impacted by the range compression term, while the azimuth imaging is jointly affected by the azimuth compression, the range cell migration, and the secondary range compression terms. The residual phase term, however, has no bearing on the image focusing in range and azimuth directions.
Further to more clearly differentiate the degree of the azimuth compression, the range cell migration, and the secondary range compression terms' impacts on the azimuth imaging under the effects of the Earth's irregular rotation, the phase errors corresponding to the three terms are plotted in Fig.5 , as a function of the synthetic aperture time, using the simulation parameters in Table 1 . For the sake of brevity but without loss of generality, we assume that the Moon-based SAR is looking from left-hand side with a look angle of 0.5 • , and the beam center crossing time in the time system is, for illustration, set to 00:00:00 on March 20, 2016.
As shown in Fig. 5 , the azimuth compression term dominates the azimuth focusing of the Moon-based SAR. The phase errors induced by the range cell migration and secondary range compression terms are negligibly small compared to that given rise by the azimuth compression term. Hence, it will make specific analysis of the effects of Earth's irregular rotation with respect to azimuth imaging and range imaging based on the azimuth compression and range compression terms, respectively.
B. EFFECTS OF EARTH'S IRREGULAR ROTATION ON RANGE IMAGING
We begin by discussing the impact of the Earth's irregular rotation on the range imaging in accordance with the range compression term, the phase of which is specifically given in (15) . According to (15) , the Earth's irregular rotation on the range imaging only manifests as the image shift. In fact, the range focusing is barely affected by the effects of the Earth's irregular rotation.
The range shift induced by the effects of Earth's irregular rotation is given by
Eq. (20) states that the range shift is mainly related to the constant term of the range error given rise by the Earth's irregular rotation. In addition, the variations in the Doppler parameters of the Moon-based SAR due to the effects of the Earth's irregular rotation also contribute to the range shift to some extent. Fig. 6 presents the range shifts of the right-looking and leftlooking Moon-based SAR as a function of the look angle. It is found that the range shift is negatively correlated with the look angle for a left-looking Moon-based SAR. The tendency turns reverse as far as the right-looking Moon-based SAR is concerned. Additionally, the range shift can be up to thousands of meters, which profoundly impacts the geometric accuracy of the ground target along the range direction.
C. EFFECTS OF EARTH'S IRREGULAR ROTATION ON AZIMUTH IMAGING
The changes in the range error due to the Earth's irregular rotation against the azimuth time within the synthetic aperture time will cause variations in the Doppler parameters, of the Moon-based SAR and thus will result in azimuth shift, even azimuth defocusing, if not properly compensated.
In the context of the azimuth compression term affecting the azimuth imaging of the Moon-based SAR, the phase term of which is shown in (16) . Eq. (16) states that the azimuth imaging only depends on the derivatives of the range error but has no dependence on the constant component of the range error induced by Earth's irregular rotation, further leading to the image shift and image defocusing phenomena in the azimuth imaging. Specifically, the linear term of (16) would bring about the azimuth shift. Both the quadratic and cubical terms might lead to the azimuth defocusing in that the quadratic term would broaden the main lobe, raise the sidelobe, and cause degradation of the azimuth resolution, and the cubical term would result in the asymmetry of the side-lobe and broadening of the main lobe
1) AZIMUTH SHIFT DUE TO EARTH'S IRREGULAR ROTATION
According to the linear term of (16), it is able to calculate the azimuth shift induced by the Earth's irregular rotation by
where V g is the ground velocity when the antenna beam sweeps across the target within its swath. A closer look of (24) indicates the azimuth shift is related to the ground velocity, derivatives of the slant range, and the range error due to Earth's irregular rotation to various orders. Fig.7 displays the left-looking and right-looking azimuth shifts induced by the Earth's irregular rotation against the look angle. From which we observe the azimuth shift is in negative correlation to the look angle of the Moon-based SAR. Besides, the look direction also exerts an evident impact on the azimuth shift, as the azimuth shift of the right-looking Moon-based SAR is larger than that of the left-looking Moonbased SAR. Furthermore, the azimuth shift given rise by the Earth's irregular rotation is on the order of 10 4 meters regardless of the look direction of Moon-based SAR, which is unacceptable for most applications.
2) AZIMUTH DEFOCUSING DUE TO EARTH'S IRREGULAR ROTATION
Now, the effects of the quadratic and cubical terms in (16) on the azimuth focusing are examined. The quadratic term may broaden the main lobe, raise the side-lobe, and thus cause VOLUME 7, 2019 azimuth defocusing. Here, the azimuth quadratic phase error (azimuth QPE) is defined
where f dr and T sar are the Doppler rate and synthetic aperture time of the Moon-based SAR, respectively. Q is given by
The cubical term of (19) may result in the asymmetrical of the side-lobe and the broadening of the main lobe in azimuth imaging if it is sufficiently large. Such effects may be evaluated by examining the azimuth cubical phase error (azimuth CPE):
with the phase taking the following form
The typical thresholds of the azimuth QPE and azimuth CPE are set to be π/4 and π/8, respectively. As can be seen from (22) to (25) , both of the azimuth QPE and CPE are closely related to the synthetic aperture time, change rates of the slant range, and range error induced by the Earth's irregular rotation to some orders.
To inspect the influence of the azimuth QPE, we plot the azimuth QPE with different look angles as a function of the synthetic aperture time in Fig. 8 (a) . The Moon-based SAR is looking from the left-hand side and the beam center crossing time in the time system is set to 00:00:00 on March 20, 
For comparison, the azimuth QPE of the right-looking
Moon-based SAR with respect to the synthetic aperture time is drawn in Fig.8 (b) by using the same set of simulation parameters.
As demonstrated in Fig. 8 , the magnitude of the azimuth QPE is positively correlated with the synthetic aperture time and look angle, the degree of which also depends on the look direction of the Moon-based SAR. Besides, the azimuth QPE barely exceeds the threshold of π/4 with a synthetic aperture time less than 100 seconds regardless of the look direction. However, the azimuth QPE is potentially sufficient to affect the azimuth focusing when the synthetic aperture is larger than 100 seconds. In this regard, the longer the synthetic aperture time, the more difficult to maintain good image quality under the effects of the Earth's irregular rotation.
To have an idea of the impact of azimuth CPE on the azimuth focusing, we plot the azimuth CPE of the left-looking Moon-based SAR with various look angles, as well as the right-looking azimuth CPE with various look angles, as a function of the synthetic aperture time, shown in Fig. 9 (a) and (b) , respectively. The beam center crossing time in the time system is set to 00:00:00 on March 20, 2016. As demonstrated in Fig. 9 , the azimuth CPE is related to the synthetic aperture time, look angle, and look direction of the Moon-based SAR. Moreover, the azimuth CPE is always smaller than the threshold of π/8 within a synthetic aperture time of 600 seconds, indicating that the azimuth CPE is not a big issue for the azimuth focusing of the Moon-based SAR.
So far, we have illustrated the effects of the Earth's irregular rotation on the Moon-based SAR imaging. It is found that the geometric accuracy and azimuth focusing are severely impacted, whereas the range focusing is little affected. In the next section, we shall examine the imaging distortion by analyzing a single-point target response under the effects of Earth's irregular rotation.
IV. NUMERICAL ILLUSTRATIONS
In this section, numerical simulations based on the singlepoint target response are performed to validate the theoretical analyses. In Fig. 10 , we first plot the single-point target responses of the left-looking Moon-based SAR with a synthetic aperture time of 75 seconds and with various look angles under the effects of Earth's irregular rotation. The beam center crossing time in the time scale is set to 00:00:00 on March 20, 2016. The resolution (both ideal and real), image shift, measures of image quality in terms of the peak to sidelobe ratio (PSLR) and integrated sidelobe ratio (ISLR) are summarized in Table 2 .
Results in Fig. 10 and Table 2 explain that the magnitude of the range shift is related to the look angle while the azimuth is in negative connection with the look angle. Besides, the range shift is on the order of thousands of meters while the azimuth shift can be up to 10 4 meters, both of which are highly undesirable for most applications. Furthermore, the image quality in range direction in terms of range PSLR and range ISLR is not affected by the Earth's irregular rotation, suggesting the Earth's irregular rotation is not an issue for the range focusing. As for the azimuth focusing, the Moon-based SAR with synthetic aperture times shorter than 100 seconds is slightly disturbed by the Earth's irregular rotation. All results shown in Fig. 9 and Table 2 confirm the theoretical analyses in the preceding section.
Next, presented in Fig. 11 , we simulate the azimuth profile of the single-point target responses of the left-looking Moonbased SAR with different synthetic aperture times (100s, 200s, and 600s) and with various SAR look angles. The rest of the simulation parameters are the same as those in Fig. 10 . Measures of merit for image quality are listed in Table 3 .
As evident in Fig. 11 and Table 3 , the azimuth shift due to Earth's irregular rotation ranges from 10 3 to 10 4 meters. Besides, the azimuth shift bears no dependence on the synthetic aperture time by comparing the azimuth shift in Table 3 to that in Table 2 . In contrast, the azimuth focusing is tightly related to the synthetic aperture time. The azimuth resolution of the Moon-based SAR with a synthetic aperture of 100 seconds is little degraded and the image quality in terms of azimuth PSLR and ISLR is slightly affected. Once the synthetic aperture time increases to 200 seconds, the azimuth resolution is degraded evidently and image qualities in line with PSLR and ISLR are obviously deteriorated. As for a Moon-based SAR with a synthetic aperture time of 600 seconds, the azimuth imaging of the Moon-based SAR can be profoundly distorted. We also found that the Earth's irregular rotation dramatically deteriorates the azimuth resolution. Finally, it is observed the degree of the effects of the Earth's irregular rotation is negatively correlated to the look angle the Moon-based SAR.
For a more rigorous analysis, in Fig.12 , we plot the azimuth profile of the single-point target responses of the rightlooking Moon-based SAR under the effects of Earth's irregular rotation, with synthetic aperture times of 100, 200 and 600 seconds. Numeric measures of image quality are listed in Table 4 .
Inspection of Fig.12 and Table 4 shows that the effects of the Earth's irregular rotation are in negative connection with the look angle, even the Moon-based SAR is looking from the right-hand side. In addition, the magnitude of the azimuth shift of the right-looking Moon-based SAR is also on the order of 10 4 meters, which is potentially sufficient to misplace the position in the azimuth direction. As for the azimuth focusing, the right-looking Moon-based SAR with synthetic aperture time shorter than 100 seconds is hardly disturbed by the Earth's irregular rotation. As long as the synthetic aperture time of 200 seconds is concerned, imaging defocusing appears in azimuth direction. The azimuth resolution is obviously degraded. Meanwhile, and the image quality with regard to azimuth PSLR and ISLR is keenly deteriorated by the effects of Earth's irregular rotation, though the variation of the azimuth resolution is relatively small. Regarding the Moon-based SAR with a synthetic aperture time of 600 seconds, it is impossible to yield focused image in azimuth direction under the effects of Earth's irregular rotation. At this point, it may be argued that longer synthetic aperture time pose great constraint to maintain a good quality of the Moon-based SAR image under the presence of the Earth's irregular rotation.
As shown above, the effects of Earth's irregular rotation is indeed intolerable, especially when the synthetic aperture time is longer than 100 seconds. As the largescale phenomenon is of the most interest in observations of the Moon-based SAR [18] , thus a synthetic aperture time of 75 seconds, which corresponds to azimuth resolution around 20 meters, can meet observation requirement of Moon-based SAR. Under such a synthetic aperture time, the image focusing of the Moon-based SAR is barely effected by the effects of the Earth's irregular rotation. Accordingly, it is preferable to design a synthetic aperture it is suggested to compensate those errors through accurate measurements.
V. CONCLUSION
We investigate the effects of Earth's irregular rotation on the geometric fidelity and image quality of the Moon-based SAR. Results show that the range error induced by the Earth's irregular rotation is profound and time-varying, further leading to the variations in Doppler parameters. Through a comprehensive analysis based on the signal model of the Moon-based SAR in the context of Earth's irregular rotation, we found that the range shift can be up to thousands of meters while the azimuth shift ranges from 10 3 to 10 4 meters, which is unacceptable for most applications. As for the image quality, the range focusing is barely disturbed, while the azimuth is severely affected by the Earth's irregular rotation. Though the azimuth focusing of the Moon-based SAR with a synthetic aperture time shorter than 100 seconds is almost not affected, both the azimuth focusing and the azimuth resolution are degraded when a longer synthetic aperture time is engaged. Hence, it is preferred to limit the synthetic aperture time within 100 seconds. For improving the geometric fidelity of the Moon-based SAR, it is better to attain accurate orbit determination.
Before closing, we note that the image quality of the Moonbased SAR can be affected by phase distortions due to the variation of the eccentricity of the moon's orbit. We will pursue this subject in future study.
APPENDIX A. EXPRESSION OF THE TRANSFORMATION MATRIX FROM ECI TO ECR
The transformation matrix from the ECI to ECR is given by
The precession phenomenon changes not only the earth's rotation axis, but also the location of the earth's equatorial plane [33] , the matrix related to the precession is expressed as
where ζ , ϑ, and z are the three angles that describe the orientation of the mean equator and equinox of epoch T with respect to the equator and equinox of J2000 [34] 
where T is the time in Julian centuries of Universal Time elapsed since 2000 Jan. 1.5 UT1
Aside from the secular precessional motion, the Earth's rotation axis is also affected by small periodic perturbations that are known as nutation, which are due to the monthly and annual variations of the lunar and solar torque that have been averaged in the treatment of precession [35] . The corresponding transformation matrix is written as [36] 
where ε is the periodic change of the vernal equinox, and ψ is the angle difference between the mean and the true equinox. The variable ε and ε = ε + ε is the mean and true obliquity of the ecliptic at time T, the mean obliquity of the ecliptic takes the following form [37] 
The precession and nutation provide the instantaneous orientation of the Earth's rotation axis. The rotation with respect to the Earth's rotation axis itself is described by Greenwich Apparent Sidereal Time [38] . This difference must be corrected when using the ECI or ECR, which is done by the following earth rotation about the z-axis:
where GMST stands for the Greenwich Mean Sidereal Time, it is given by GMST = 24110 s .54841 + 8640184 s .812866T 0
where T 0 denotes the number of Julian centuries of Universal Time that have elapsed since 2000 Jan. 1.5 UT1 at the beginning of the day,
Aside from the precession and nutation, the earth also experiences polar motion due to the variations of the earth's mass distribution [39] , which is corrected by
where x p and y p are the two components of the polar motion, both of which are a function of time.
Note that the Earth Orientation Parameters (EOP), ε, ψ, x p and y p are provided by the International Earth Rotation and Reference Systems Service (IERS) [40] , and using the above parameters, the transformation matrix for precession (P), nutation (N), Earth rotation ( ), and polar motion ( ) can be obtained.
Additionally, as the coordinate time scale for Earth's rotation is UT1, while the coordinate time standard of JPL DE 430, which used for providing the position of the Moon, is the Barycentric Dynamical Time (TDB), the conversions of the time coordinate systems should be taken into account, which are done by the following relationship:
where TT is the Terrestrial Time, UTC is the Coordinated Universal Time. Both UT1 − UTC and TT − UTC can be obtained from IERS. The coefficient P can be approximated by [ 
After the unification of the time coordinate system, the azimuth time can be obtained. Assume the target of interest on the Earth comes into the beam footprint at T start (UT1) and it leaves at T end (UT1). The synthetic aperture time of the Moon-based SAR is defined as
Finally, the azimuth time η takes the following forms
APPENDIX B. DETERMINATION OF THE GROUND TARGET'S POSITION IN THE ECR
The slant range with a specified look angle at beam center crossing time can be expressed as
where R sar,η c = R ECI sar,η c , R ECI sar,η c is the position of the Moonbased SAR at beam center crossing time, θ l is the look angle of the antenna in the ACS. R g = R E + h g , R E is the Earth's radius, h g is the altitude of the ground target above geoid, here we set it to 0 meter for the sake of simplicity.
The slant range vector in the ACS at the beam center crossing time, is defined as R ACS st,η c = R st,η c sin θ l cos φ, −R st,η c sin θ l sin φ, R st,η c cos θ l T (A19)
where φ is the azimuth angle in the ACS. VOLUME 7, 2019 As a result, the position vector of the ground target in the ECI at the beam center crossing time can be obtained through the following transformation
where η c , θ S,η c , u η c are the right ascension of ascending node, orbit inclination, and argument of latitude of the Moonbased SAR's orbit at the beam center crossing time, respectively. The matrix M is defined as
The counterpart of the R ECI g in the ECR can be obtained by the following transformation:
Note that the ground target is fixed on the rotating Earth, and hence R ECI g , the position of the ground target in the ECR, is time-invariant during the synthetic aperture time.
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